Utilizing all-electron Dirac-exact relativistic calculations with the Normalized Elimination of the Small Component (NESC) method and the local vibrational mode approach, the transition from metal-halide to metal halogen bonding is determined for Au-complexes interacting with halogen-donors. The local stretching force constants of the metal-halogen interactions reveal a smooth transition from weak non-covalent halogen bonding to non-classical 3-center-4-electron bonding and finally covalent metalhalide bonding. The strongest halogen bonds are found for dialkylaurates interacting with Cl 2 or FCl. Differing trends in the intrinsic halogen-metal bond strength, the binding energy, and the electrostatic potential are explained.
Introduction
Halogen bonding (XB) involves the interaction between a halogen donor molecule (YX) and a halogen acceptor molecule AR n where A is an electron rich atom [1] . As in the case of hydrogen bonding, XB is a result of stabilizing covalent, electrostatic, inductive, and dispersion interactions, which are reduced by destabilizing exchange repulsion [1] [2] [3] . XB is of chemical relevance in catalysis, for the design of supramolecular structures, ion transport, and sensing [1] . There are numerous experimental and computational studies of the interactions between YX bonds and organic Lewis bases. However, XB has also been observed for transition metal complexes where the halogen accepting A is a metal M [1, 4, 5] .
Koten and co-workers reported an organometallic complex in which a I 2 was coordinated to a metal center in a linear fashion (I-I-M close to 180) [6] . They suggested that the d 2 z lone pair orbital of the metal would donate charge to the empty r H (I-I) of I 2 , which is typical of XB [6] [7] [8] [9] . Cotton and co-workers [10] reported a complex were I 2 formed a bent interaction with a metal center. They suggested that the I 2 donates charge to the metal center in this case. Rogachev and Hoffmann [11] confirmed the I 2 Á Á Á M bond mechanism for planar Pt-complexes. These authors studied also metal-iodine complexes in which I 2 acts as an electron donor thus replacing XB by normal covalent metal-iodine bonding. They also investigated how the binding energy and bond distance between I 2 and the organometallic molecule is affected by having different types of metals (Co, Rh, Ir, Ni, Pd, Pt) and different ligands coordinated to the metal. Replacing Pt by Pd and then Ni leads to a weakening of XB.
An unusual octahedral cationic platinum complex with a neutral I 2 ligand coordinated to the metal in a end-on fashion was reported by Nagasawa and co-workers [12] Notable is the large I-I distance in several of these complexes [6] [7] [8] [9] 11, 12] , which may not be only due to the donation of the lone pair of the metal into the r H (I-I) of iodine but may already indicate an advanced stage in the oxidative addition of I 2 where the metal is bound to I 2 by 3c-4e (3-center-4-electron) bonding or even due to an ion-pair I À Á Á ÁI-M + formation. Recently, Kukushkin and co-workers detected and studied theoretically the formation of XB and bifurcated XB between halocarbons and organoplatinum complexes [13] Zeng and co-workers [14] did second order perturbation theory (MP2) calculations and found that strong halogen bonds of covalent character are formed between interhalogens and Pt(II) in cis/ trans-PtðNH 3 Þ 2 X2 (X = OH, F, Cl, Br). Li and co-workers [15] carried out an MP2 investigation to study the formation of XB involving gold. Zhao studied the interaction between F 3 CX (X = I, Br, Cl) and small gold clusters (Au n n = 2, 3, 4) and found that X can act as an electron donor, forming a stronger interaction, or as a electron acceptor forming weak XBs [16] . Young and co-workers [17] reported the formation of F 2 Á Á ÁHg when Hg is trapped in argon matrices doped with F 2 and suggested that the analogous interaction of heavier halogens could be important for understanding the environmental chemistry of Hg. Blakey and co-workers used different spectroscopic techniques (Synchrotron X-ray photoelectron spectroscopy, UV-vis, surface enhanced Raman spectroscopy) and found evidence for the formation of XB involving iodoperfluorobenzenes and gold nanoparticles [18] . In the current work, the interactions between X-Y (dihalogens, interhalogens, and halohydrocarbons with X being Cl, Br, or I) and neutral or anionic metal complexes MR n (M: Cu, Ag, Au, Pt, Hg) are quantum chemically investigated using an all-electron Dirac-exact scalar relativistic (spin free) method in combination with a rung 3 exchange-correlation functional. The strength of the metal-halogen bonding (XB-M) interactions will be quantified with the corresponding local stretching force constant [19] [20] [21] [22] [23] . The objectives of this work are to answer the following questions. (i) How strong are the interactions between Cu, Ag, Au ions and I 2 or CF 3 I? (ii) What role do scalar relativistic effects play in this connection? (iii) How strong are covalent and/or electrostatic interactions between the metal complex and the X-donor? (iv) Can one tune the bonding mechanism between metal and iodine by varying the metal atom, possible ligands, or the halogen donor?
The computational methods used to answer these questions are described in the following section. Results and discussions are found in the third section of this work whereas the conclusions are given in the final section.
Computational methods
Molecular geometries and complex binding energies were computed utilizing the all-electron Dirac-exact Normalized Elimination of the Small Component (NESC) method [24] as developed and implemented by Zou, Filatov, and Cremer [25] , which provides a more reliable account of energies, geometries, vibrational frequencies [26] , and other response properties than the effective core potentials normally used [25] [26] [27] . NESC was used in connection with the rung 3 (meta-GGA) exchange correlation functional TPSS [28] that provides reliable data for transition metal complexes as has been documented in the literature [29, 30] . TPSS was combined with the empirical dispersion correction D3 [31] and the BeckeJohnson damping parameters (BJ) [32] to accurately model dispersion interactions. Calculated binding energies were corrected for basis set superposition errors (BSSE) employing the counterpoise correction. [33] .
As suitable relativistic basis sets, the segmented contracted Sapporo triple zeta basis sets Sapporo-DKH3-TZP-2012 [34] for Cu, Ag, Au, Hg, and I were chosen, whereas for all other atoms (Cl, C, H, F and N) the non-relativistic Sapporo-TZP-2012 basis sets [35, 36] were used. Since 24 of the 29 complexes studied are anionic and highly polarizable, s-, p-, d-, f-, etc. sets of basis functions were augmented by one set of diffuse functions to better describe the electron density far from the nuclei. All DFT calculations were performed with tight convergence criteria (changes in the density matrix elements in the converged SCF (self-consistent field): <10
À10
; changes in the forces of the optimized geometry: <10 À7 hartree/bohr) and an ultrafine grid [37] .
For all molecules investigated, analytical vibrational frequencies in the harmonic approximation were calculated to (i) characterize each stationary point as minimum (or saddle point) and (ii) determine local vibrational modes and their properties according to the method developed by Konkoli and Cremer [19, 38, 20] . The Konkoli-Cremer modes are the local equivalent of the normal vibrational modes and their frequencies can be experimentally determined in special cases [38] . The local stretching force constants can be used to determine the intrinsic strength of a bond [22] . Furthermore, the description of the intrinsic bond strength via local stretching force constants can be simplified by using the latter to determine a bond strength order (BSO) [39] .
According to the generalized Badger rule [40, 39] , BSO values nðXBÞ of the XB are related to the calculated k a ðXBÞ values via a power relationship [40, 22] n
where constants a = 0.696 and b = 0.660 define for the I-I bond in I 2 a BSO value n = 1.00 and for the corresponding 3c-4e bond in ½I Á Á Á I Á Á Á I À n = 0.50. According to the Rundle-Pimentel model of bonding, the ½I Á Á Á I Á Á Á I À anion has 2e in a bonding and 2e in a non-bonding orbital, which suggests a non-classical (NC) BSO (IÁ Á ÁI) value being half of that of the di-iodine bond. Eq. (1) also implies that for k a = 0, an n value of zero results.
Since NC 3c-4e bonding can play an important role in XB [2] , its magnitude was assessed in percentage using the ratio n(XÁ Á Á A/n (XY)) Â100. If the ratio of bond strengths leads to unity, 3c-4e bonding is fulfilled by 100% as in the ½I Á Á Á I Á Á Á I À anion. Values below 75% indicate that 3c-4e bonding plays a minor role. Values above 100% indicate the formation of inverted 3c-4e bonding (i-NC): The XA interactions are stronger than the XY interactions.
Values above 100% are listed in the tables to quickly identify inverted 3c-4e bonding, but can be compared with other values via their reciprocal (n(YÁ Á Á X/n(XA)) Â 100).
Local properties of the electron density distribution, qðrÞ, and energy density distribution, HðrÞ, were also computed at the NESC/TPSSD3 level of theory and used to determine the covalent character of the XY and XA interactions with the help of the Cremer-Kraka criteria for covalent bonding [41, 42] . According to these criteria a negative and therefore stabilizing energy density at the bond critical point r b (Hðr b Þ = H b < 0) indicates a dominating covalent character, whereas a positive (destabilizing) energy density (H b > 0) is associated with predominant electrostatic interactions. Using the natural bond orbital (NBO) method of Weinhold and co-workers [43] , NBO atomic charges were calculated and used to assess the charge transfer between the monomers of an XB-M complex.
The electrostatic character of the interactions was investigated by using the extremal value V ext of the electrostatic potential VðrÞ on the van der Waals surface (modeled by the 0.001 e/Bohr 3 electron density surface) of the halogen donor monomers (i.e. V ext is a maximum). The halogen acceptor ability of a monomer AR n was assessed by determining the minimum value V ext in the lp(A) region. VðrÞ (measured in eV) is positive in the case of a r-hole of a halogen and negative in the lp-region of a hetero atom. The calculation of the NESC energies, geometries and frequencies as well as the local mode properties was performed with the program COLOGNE2016 [44] . For the NBO analysis, the program NBO6 [45] was used. The local properties of the electron density distribution, qðrÞ, and energy density distribution, HðrÞ at the bond critical point (see Supporting Information (SI)) and the electrostatic potential at the van der Waals surface (0.001 e/bohr 3 : e: electron)
were analyzed with the Multiwfn program [46] . DFT calculations were performed with the package Gaussian09 [47] . Table 1 for 1-29 where also the XA and XY interaction distances r, local stretching force constants k a , local stretching frequencies x a , and BSO values n are compared. Also given is the percentage of 3c-4e character that is used to distinguish between NC and XB-M bonding (see Fig. 2 ). In Table 2 , Xdonor properties such as r; k a ; n, and x a for the XY bond are listed for 30-42. Also given is the extremal value V ext in the van der Waals surface of X. For X-acceptors 43-57, just V ext is given in Table 2 . In In the following, we will discuss the interactions of X-donors with (i) planar transition metal complexes (TMC) leading to pyramidal interaction complexes, (ii) linear TMC leading to T-structures, and (iii) TM leading to linear structures.
Results and discussion
Halogen bonding involving square planar TMC. TMC 1 is stabilized by a XB-M between F 3 CI and cis-PtðNH 3 Þ 2 Cl 2 . The binding energy DE is only 12 kcal/mol and the BSO value 0.185. F 3 CI is a too weak X-donor to establish a stronger XB-M. This is also reflected by comparing the r-holes of the X-donors, which increase in the series F 3 C-Cl (V ext : 0.86 eV) < F 3 C-Br (1.05) < Cl-Cl (1.11) < F 3 C-I (1.27) < Br-Br (1.28) < I-I (1.31) < Cl-I (1.83; Table 2 ).
A relatively strong XB-M is obtained by using I-I where n is 0.438 for cis-platin while a slightly larger value of 0.441 results for trans-platin. An identical amount of 3c-4e character is calculated for 2 and 3 (62%), i.e. the charge transferred from a d 2 z (Pt) lone pair into the r H ðI À IÞ orbital weakens (lengthens) the I-I bond and strengthens (shortens) the PtÁ Á ÁI interaction. The DE value (cis: 17.9; trans: 14.5 kcal/mol) is influenced by both the XB-M and the mutual polarizability of the monomers, which is larger for cis-platin and can be enhanced by a slight tilting of the plane of cis-platin relative to the I-I bond axis (Fig. 1) . In this way the positively charged H atoms of the NH 3 ligands can better interact with the p-density of the negatively charged I atom next to Pt.
The strength of the XB-M interactions can be increased by replacing the Cl ligands by electron donor ligands such as methyl (4): DE raises to 27.7 kcal/mol. This is parallel to an increase of the calculated CT to 0.357 e (Table 1; TMC 1: 0.152; 3: 0.276; 2: 0.288 e). The larger CT causes a stronger PtÁ Á ÁI interaction (BSO: 0.549) and a weakening of the I-I bond (0.652) so that a delocalized 3c-4e system with 84% 3c-4e character and NC bonding results. Electron-withdrawing ligands in the TMC have the opposite effect as is documented by the low DE of I 2 Á Á Á AuF Halogen bonding leading to T-structures. Fig. 4 ), which suggests that there is first a decrease in the polarization of Table 1 ). In the series 8, 9, 10, DE, CT, V ext , and BSO change in an adequate way indicating that XB-M dominates the complex stability.
The complexes so far discussed follow simple trends: The CT determines the strength of the XB-M (BSO value) and by this the DE value. This changes for the complexes formed between a dior interhalogen and a dimethylmetal anionic X-acceptor MðCH 3 Þ À 2 (M = Cu, Ag, Au). In the series 11, 12, 13, the MÁ Á ÁI 2 interactions increase from Cu to Au (BSO: 0.558, 0.567, 0.621; Table 1 ), which surprisingly is parallel to an increase in the strength of the I-I bond (n: 0.393, 0.459, 0.514) caused by a reduced charge transfer (0.659, 0.613, 0.522 e, see Table 1 ). The strength of XB-M changes opposite to the change in DE: 46.8, 40.3, 38 .8 kcal/mol (Table 1) , which indicates that other factors than XB-M dominate the complex stability. The reason for this becomes obvious when investigating the T-structure of the Cu complex 11: This is unstable because of a pseudo-Jahn-Teller effect. The first excited state, 1 A 0 can interact with the 1 A 1 ground state via a a 0 -symmetrical vibration, which leads to distortion of the C 2v -symmetrical structure (Fig. 1) and converts XB-M into a interaction of I with both Cu and one of the . Since the I-I bond is chosen as a reference (n = 1.00),
the BSO values n of other dihalogens are significantly stronger whereas M-I bonds are comparable in strength or weaker. Electrostatic potential at the r-hole region of the Xdonors Vext(X) and at the lp region of X-acceptors Vext(A) in eV. Computed at the 0.001 e/Bohr 3 electron density surface using NESC/TPSS-D3(BJ)/sapporo-DKH3-TZP-2012 method. methyl groups. For 12 and 13, the symmetrical T-structure remains. The favorable electrostatic potentials for M and X (Ag: À4.65; Au: À4.88; I: 1.31 eV, Table 2 ) seem to strengthen XB-M whereas CT and the electrostatic interactions with the methyl groups dominate the overall stability. In this connection the 3c4e interactions (Cu: 142; Ag: 124; Au: 121%) also favor the interaction between I and Au or Ag. In general, the electrostatic potential has to be used with care [49] when explaining different trends between DE and BSO. Depending on the TMC geometry, it helps to understand the complex binding energy, but often V ext fails to be useful for the analysis of the BSO values. This is quite obvious for the series of dihalogens I 2 , Br 2 , Cl 2 or interhalogens FCl, FBr, FI interacting with dimethylaurate (13-15 and 17-19, respectively) . DE values decrease in line with V ext of X whereas BSO and CT values increase (Table 1) . Again, these are cases for which the intrinsic XB-M strength does not dominate the binding energy. The latter is strongly influenced by the strength of the XY bond, which, due to CT, weakens (e.g., for FCl, FBr, FI by 59, 51, 44% according to calculated BSO values; Table 1 ) and thereby reduces DE. The CT is directly related to the electronegativity v of X: The larger vðXÞ is the lower is the r H ðXYÞ orbital and the stronger the CT.
In the series 13-15 and 17-19, the XB-M is dominated by the electrostatic attraction between atoms Au and X (see SI), which is largest for the more electronegative Cl. The potential V ext reflects the overall electrostatic interactions and therefore can only be related in a qualitative way to the TMC stability rather than the intrinsic strength of XB-M. Only if the latter is BSO-dominated, V ext might be used to rationalize trends in the BSO. Hence, by comparing changes in DE and BSO values, different electronic effects determining the stability of the TMC can be distinguished (see SI).
If CT is the major reason for the XB-M strength, it gives insight into the covalent part of XB-M bonding, but there are also electrostatic, exchange repulsion, and dispersion interactions between X and M (see SI). None of the currently available methods including SAPT (Symmetry-Adapted Perturbation Theory [50] ) can single out any of these interactions between the two atoms X and M, which is the reason why here only indirect information on these effects can be provided. . In these cases, the binding energy is dominated by the M Á Á Á X-interaction and makes it possible to fine-tune XB-M via the M,X-electronegativity difference in an easy to predict way.
Metal-halogen bonding leading to linear TMC. Despite the fact that the Hg atom has a 6s 2 -electron configuration and a relatively small positive electrostatic potential (V ext (Hg): 0.16 eV), it can still be polarized by I 2 (DE = 6.4 kcal/mol) resulting in a weak XB-M (n = 0.277) for 27. For Br 2 Table 2 ).
Replacing the terminal iodine atoms by Au leads to TMC 28, which because of the relativistic d-expansion, has stronger 3c-4e bonds than I À 3 (n = 0.610 for 28) and a larger DE (40.9 kcal/mol compared to 37.9 kcal/mol for 29, Table 1 ).
Conclusions
In this work, we have for the first time determined the intrinsic XB-M strength by singling it out from the manifold of monomermonomer interactions with the help of local XB-M stretching force constants and associated BSO values where we used Dirac-exact NESC calculations to reliably determine scalar relativistic effects for second order response properties. We note that this approach is based on features of the potential energy surface and its results can be directly verified with the help of vibrational spectroscopy. Hence, it can obtain atom,atom interactions, which are not accessible by SAPT or any other energy decomposition methods. Using this advantage and those of NESC the following results were obtained:
(1) XB-M bonding has chameleon-character as small electronic effects lead to a change in its nature, which varies from M, X-interactions typical of a heteroatom to non-classical 3c-4e bonding and, finally, the formation of an M-X ligand bond. The approach used in this work for the first time quantitatively reveals these changes via the BSO values, which are based on measurable quantities. (2) XB-M can be found for planar and linear TMC of Au and Pt.
For negatively charged atoms, a strong interaction with dihalogens results. longer XB-M-dominated as the mutual polarization of the monomers determines the relatively high TMC stability whereas XB-M is best described as 3c4e-nonclassical bonding that can vary strongly: the strongest XB-M bond is found for FCl rather than FI. Similarly, Cl 2 establishes a stronger XB-M than I 2 where the reason is the larger electronegativity of Cl that makes it possible that covalent contributions are supported by electrostatic attraction between Au and Cl.
Future work will focus on the ''lone pair activation effect" in planar TMCs by using beside methyl also F ligands where the relativistic metals Pt and Au are first candidates. The planar TMCs are interesting as by front-and backside XB-M interactions long strands of TMCs with X-donors as di-iodo-acetylene or 1,4-diiodobenzene can be formed.
